T he adaptive immune system provides protection from disease by initiating specific immune responses to specific foreign Ags following their recognition by the clonally distributed surface-bound receptors of T and B lymphocytes, namely TCRs for T cells and Igs for B cells. In its secreted form, the B cell's Ig molecule is called an Ab. The variability in molecular shapes of foreign Ags represents a significant challenge for the immune system, requiring development of an extensive receptor repertoire for Ag recognition. In response to this challenge, TCRs and Igs achieve vast diversity by a unique mechanism called VDJ recombination, which is a largely stochastic process of gene rearrangement encoding the variable parts of TCRs and Igs, respectively. Additionally, genes encoding Igs undergo somatic hypermutation during T cell-dependent B cell responses, resulting in further expansion in Ab diversity and subsequent selection of B cell clones generating Igs with higher affinity for Ag. Quantitative analysis of the diversity of TCR and Ig repertoires can shed light on receptorAg interactions and reveal insights into the state of the immune system under diverse conditions, such as aging (1) (2) (3) , chronic viral infections (4) (5) (6) , and autoimmune diseases (7) (8) (9) (10) .
Next-generation sequencing technology revolutionized the analysis of TCR/Ig diversity by providing vast amounts of data at much higher resolution, leading also to a need for effective and robust bioinformatics pipelines. Generally, these pipelines align the input sequences with the reference V, D (for Ig H chain and TCR b-chain), and J genes, determine the CDR3 region, and estimate the repertoire diversity. Two main factors that directly influence the quality of these analyses are the alignment algorithm and the completeness and accuracy of the reference database. In the past 3 y, several software packages have been developed with different alignment algorithms for analyzing next-generation sequencing sequence data of TCR and/or Ig (11) (12) (13) (14) (15) (16) (17) (18) (19) . These studies all focused on improving the accuracy, effectiveness, and completeness of their alignment algorithms. Most of the software packages use the reference V(D)J sequences provided by the international ImMunoGeneTics information system (IMGT) (20) , which is currently the most comprehensive collection of TCR and Ig germline gene sequences available.
However, previous studies have reported numerous novel V alleles that are not found in the IMGT database (21) (22) (23) (24) (25) , suggesting that this database is incomplete. Additionally, a study of 226 IGHV alleles in IMGT reported a high rate of false positives (of 226 alleles, 104 were classified as very likely to contain sequencing errors) (26) . This is because most of the IMGT TRBV and IGHV alleles were included from early studies, conducted between 1984 and 1996 (27, 28) . After that, there were only two major updates on IGHV alleles in 2002 and 2009 introducing in total 36 alleles, and no updates on TRBV alleles have been submitted in the past 20 y. Furthermore, many alleles were reported in only one study, and multiple allelic variants of the same gene were derived from the same individual. For instance, an individual can have at most two alleles of any gene; however, seven IGHV3-15 alleles were derived from one individual. This was pointed out by Wang et al. (26) , but the issue remains unresolved in the current version of IMGT. Additionally, many TRBV and TRAV alleles in IMGT are annotated as having come from rearranged sequences, which may contain somatic mutations and partially truncated 39 ends resulting from VDJ recombination.
Since the development of IMGT, a large and ever-increasing number of full human genomes have been sequenced. The chromosomal regions containing the immune receptor alleles have both a high level of intrachromosomal duplication and a high level of diversity and thus present challenges for genome assembly. However, improvement of the reference genome over time has the potential to enable recovery of a comprehensive set of immune gene alleles found in human populations from population resequencing studies. We have developed a bioinformatics pipeline that can be used to generate a TCR/Ig reference database using data from population resequencing studies. We applied this pipeline to data from the 1000 Genomes Project (G1K) (29), which contains the most comprehensive collection of global human variation currently available in the public domain, to create the Lym1K database. We aligned short read sequence data from human immune receptors to Lym1K and obtained significantly improved alignments compared with what could be achieved using the IMGT database as reference. We also report evidence that the diversity of immune receptor alleles observed in non-African populations is particularly underrepresented in the existing database.
Materials and Methods
Immune receptor sequencing dataset 
Simulated dataset
Each simulated sequence was created based on the process of VDJ recombination of TCR and Ig and included mismatches to stimulate the combined effects of sequencing errors and mutations/polymorphisms. First, we randomly chose a V, D (only for the H chain of Igs and the b-chain of TCRs), and J gene assuming uniform gene usage. We then decided the particular allele of the chosen V gene based on the frequency of its occurrence in the chosen population. Second, we "mutated" the chosen V and J segments by introducing 0-10 mismatches on the V region and 0-5 mismatches on the J region. To simulate junction diversity, we inserted zero to six randomly generated nucleotides into the V-D and D-J junction (V-J junction only for the Ig L chain and TCR a-chain).
We applied our simulation pipeline for TCRB, TCRA, IGH, and IGL genes separately. In all, we produced 27 datasets, with separate datasets corresponding to each of the 26 populations included in G1K and 1 dataset derived from the pool of all populations. Each dataset consisted of 20 simulated samples, and each sample contained 200,000 simulated sequences.
G1K data
We retrieved variant cell format (VCF) files corresponding to the TCRB, TCRA, IGH, and IGL regions from phase 3 of G1K. We used the R package SNPRelate (30) to perform principal component analysis separately on variant data from each of the four regions.
AlleleMiner pipeline
The goal of AlleleMiner is to infer all the possible alleles of the target genes from the input VCF files. For the Lym1K database, we first retrieved the location information of TCR and Ig genes from BioMart (GRCh38.p2) and phased VCF files from G1K (GRCh38; phase 3). Note that the current phase 3 VCF files from G1K were generated based on the GRCh37 human genome assembly; however, VCF files in the coordinates of the GRCh38 assembly are also provided.
For each gene, AlleleMiner extracts the corresponding reference genome sequence from the University of California Santa Cruz database and single nucleotide polymorphisms (SNPs) from the input VCF file. Subsequently, AlleleMiner retrieves all alleles of each gene from the haplotypes FIGURE 1. Study outline. AlleleMiner retrieves all immune receptor haplotypes in data from G1K, merging it with alleles from IMGT to produce the Lym1K reference database. We compared the performance of the Lym1K and IMGT reference datasets using real Ig and TCR short read sequence data. Finally, we carried out a simulation study to investigate the extent of underrepresentation of alleles found in diverse human populations in IMGT.
spanning the gene of interest. Identical haplotypes are merged, and the number of times a particular haplotype appears is counted. Users can define a threshold for the haplotype occurrence times to eliminate rare haplotypes, some of which may be the result of sequencing error; only the haplotypes that occur more than the threshold number of times are stored as potential alleles in the new TCR/Ig database.
Software resource
The pipelines were implemented in JAVA and are freely available at https:// sourceforge.net/projects/alleleminer/. The Lym1K database of immune receptor alleles can be obtained from http://maths.nuigalway.ie/biocluster/ database/.
Results

Construction of TCR/Ig reference database and performance comparison
The sequencing of increasing numbers of whole human genomes and improvements in the reference human genome assembly give rise to opportunities to expand substantially the reference database of human immune receptor alleles and to profile the diversity of immune receptor alleles across global populations. Currently, G1K represents the most extensive collection of whole genomes sampled from global human populations in the public domain. Focusing FIGURE 2. Workflow for database construction. AlleleMiner is used to infer all the possible alleles from VCF data. The Lym1K database is constructed by merging the inferred alleles with the original IMGT alleles. For alleles not found in IMGT, we apply a filtering step that takes account of the validation status of all nonreference SNP alleles contained on the haplotypes corresponding to the putative novel allele. The compared alleles were restricted to the genes that are GRCh37 and GRCh38. The IMGT alleles retrieved from non-germline sequences were not included in the comparison.
specifically on TCRs and Igs, most human immune receptor genes have been sequenced to sufficiently high coverage to recover novel alleles; the median coverage of IGHV, IGLV, TRBV, and TRAV are accordingly 121, 120.5, 76, and 53 (Supplemental Fig. 1 ). We retrieved known and novel TCR/Ig alleles from 2504 humans in the phase 3 cohort of G1K. We then tested the performance of the reference database we derived from population resequencing data and compared it to the existing IMGT reference database of human immune receptors using simulated data as well as short read receptor sequencing datasets (Fig. 1) .
AlleleMiner workflow
AlleleMiner is the core component of the pipeline and is used to infer immune receptor alleles from genomic data. The algorithm used in AlleleMiner is described in detail in Materials and Methods. In brief, AlleleMiner first enumerates all possible haplotypes of each TCR/Ig gene, using as input genome-wide sequence variants in VCF. Subsequently, the inferred haplotypes that occur in more than a user-defined minimum number of individuals are merged with known alleles (here we merged discovered variants with alleles in the IMGT database to yield the Lym1K database of known and inferred immune receptor alleles). A filtering step is then applied to assess the support for each nonreference SNP allele found among the observed haplotypes (Fig. 2) .
Performance assessment
To assess the extent to which known immune receptor alleles could be recovered from population resequencing data, we set the initial inclusion threshold to 1 (i.e., we considered all alleles found at least once in the G1K data). For IGL, TCRA, and TCRB most alleles in IMGT could be recovered (Table I, Supplemental Table I ). We then examined the alleles that were not recovered. In the case of TRAV and TRBV, many of these alleles were annotated as originating from rearranged genomic DNA or cDNA, rather than originating from unrearranged germline DNA. Rearranged sequences may have additional somatic variants that we do not expect to find among the alleles we recovered from the genomic sequence. Many of the remaining alleles are from the 22 TRBV genes that are not included in either the GRCh37 or GRCh38 human genome assemblies (GRCh37 was used in G1K, and the current human genome assembly, GRCh38, is used as a reference genome by AlleleMiner). Excluding these genes and the alleles corresponding to rearranged sequences, we were able to retrieve all of the remaining TRAV and all but one allele (TRBV19*02) of the remaining TRBV alleles in IMGT (Table I) .
In contrast, although most IGLV alleles were recovered, fewer than half of the IGHV and IGHJ alleles from IMGT were found among the inferred alleles (Table I ). This could reflect the greater diversity of Ig genes (Supplemental Fig. 2) or the presence of false-positive alleles in IMGT, particularly in IGHV genes. Indeed, a high rate of false-positive IGHV alleles in IMGT has previously been reported (26) . We found evidence for both of these effects. The greater diversity of Ig genes is apparent from the relationship between the number of inferred alleles and the inclusion threshold used in AlleleMiner (Supplemental Fig. 3A) . The number of shared IGHV alleles dropped significantly more rapidly than the other three gene groups, suggesting that IMGT includes IGHV alleles that are found at relatively low frequencies in the G1K populations (Supplemental Fig. 3B) . To explore the impact of false-positive alleles in IMGT on the extent to which known alleles could be recovered from genomic data, we used the validation classes from Wang et al. (26) . We found that most of the IMGT alleles that were classified as high confidence (levels 1 and 2) were successfully recovered. In contrast, there were only a few IMGT alleles labeled as low confidence (levels 3, 4, and 5) found among the inferred alleles (Supplemental Fig. 3D ).
In addition to the known alleles, we recovered large numbers of novel putative immune receptor alleles from the population sequence data not found in IMGT. These numbered in the hundreds for TRVA and TRBV and in the thousands for IGLV and IGHV, when we applied the minimal threshold of a single occurrence (Table I ). The number of putative novel alleles decreased rapidly, as this threshold was increased in the case of Ig, but far more slowly in the TCR case, suggesting saturation with respect to the number of samples in G1K of the TCR but not of the Ig allelic diversity (Supplemental Fig. 1 ).
Comparison of IMGT and Lym1K on real datasets
We compared the performance of the IMGT and Lym1K databases on real TCR and Ig short read sequence datasets. Because there are no high-throughput sequencing datasets for TCRA currently in the public domain (to our knowledge), this comparison was restricted to IGH, IGL, and TCRB. For each input sequence, when the alignment score of the best match of the sequence is higher using Lym1K rather than IMGT alone as the reference database, it demonstrates that the Lym1K database contains additional allele(s) that are more similar to the input read than the most similar allele from IMGT. Consequently, this corresponds to a sequence for which an improved match can be found when alleles recovered from genomic sequence data are included in the reference database. The median length of the IGHD genes is only 19 nucleotides, and the entire D gene is within the CDR3 region with high mutation rates. During alignment, the median of the perfect matching nucleotides of the D gene is only six, which hampered the accuracy of the assessments on IGHD genes. Therefore we focused our comparison on V and J gene alleles. Example of a novel allele (IGHV1-2*75p) in Lym1K that matches a short read sequence from a real IGHV sequencing dataset (SRR611538). IGHV1-2*02 and IGHV1-2*03 are both found in the IMGT database, and the sequence (SRR611538.578794) was aligned to these alleles in the original study. These two alleles both have two mismatches with the observed sequence. The inferred allele differed from the two most similar alleles found in IMGT, but showed a perfect match with the input sequence read. 
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We calculated the portions of the input sequences with improved alignment performances (Fig. 3) . To assess the differences in alignment performance in greater detail, we classified the aligned reads based on the number of mismatches with the best matching reference allele. Furthermore, to rule out the possibilities that Lym1K achieved improved alignment performance due to the larger number of included alleles, in each individual, we only kept the top two best aligned alleles (corresponding to the number of haplotypes per diploid individual) for each gene in the following comparison. We then compared the proportion of reads within each class between the two reference databases (Fig. 4) . The proportions of unaligned reads were consistently lower using Lym1K whereas the proportions of reads with zero or one to two mismatches were consistently higher. This demonstrates that the Lym1K database contains alleles that are more similar to the repertoire of the input sample. For instance, IGHV1-2*75p is a novel allele that we inferred from the G1K data and included in Lym1K. For sample SRR611358 there were 67 input sequences aligned with IGHV1-2*75p with an improved alignment score compared with the best matching alleles (IGHV1-2*02 or IGHV1-2*03) in IMGT (Fig. 5 ).
In the case of TCRB we introduced 318 putative novel TRBV alleles in Lym1K (Table I) . However, the improvements of the alignment performance of the TCRB sequences were small (Fig. 3) . Among 34 samples, the highest proportion of reads with improved alignment was 4.1% (in sample SRR1033671) and the average proportion was only 2.4%. Therefore, it appears likely that IMGT contains adequate representation of the TCR diversity in the individuals from whom these samples were derived.
Improved population coverage of Lym1K
The Ig dataset consisted only of samples collected from the South African population (31) . The TCRB samples were from whites and African Americans. This may have affected the results of the performance comparisons due to the under-or overrepresentation of certain populations in the IMGT database. For instance, if the IMGT database mainly consists of alleles from the white population, this could result in better alignment results for datasets that originate from white populations compared with datasets from African populations. In general, African populations display greater genetic diversity than do non-African populations (32) , and this greater genetic diversity can be also be seen in the immune receptor regions (Fig. 6 ). This suggests that a comprehensive collection of human immune alleles requires sampling from diverse global populations, particularly those from the African continent. We carried out simulations to assess the potential for differential performance of the existing IMGT database on datasets derived from different global populations. The simulation pipeline is described in detail in Materials and Methods. For each chain, we simulated separate datasets for each of the populations in G1K as well as one pooled dataset corresponding to all populations.
We used LymAnalyzer (19) to map simulated reads to reference alleles contained in IMGT and determined the proportion of reads that were mapped to the correct allele. Note that, in this case, our objective was not to compare IMGT to Lym1K, as the simulation is based on the same haplotypes used to construct Lym1K. Instead, we wanted to compare the accuracy of the alignments obtained when we used the existing IMGT database to map simulated reads from different human populations.
For all but one of the genes (TCRA), a significantly lower mapping accuracy was achieved for African than for non-African populations, indicating that the additional variation in immune genes found in African populations has not been captured adequately in IMGT (Fig. 7) . For the IGH datasets, the African populations (LWK, GWD, MSL, YRI, ESN, ASW, and ACB) contained significantly more incorrectly mapped reads than in non-African populations (p , 2.2 3 10
216
). The IGL datasets showed the largest portions of reads that were mapped inaccurately using IMGT. Again, using the IMGT database, there were noticeably larger portions of reads incorrectly mapped in the African populations than in non-African populations (p , 2.2 3 10
). The portions of incorrectly mapped reads in TCRB datasets ranged from 4.9% (KHV) to 9.9% (LWK), and there were also more incorrectly mapped reads in African populations compared with non-African populations (p , 2.2 3 10
). The TCRA datasets had the highest accuracy among the four chains using the IMGT database as the reference, with the smallest variation across populations. In contrast to other chains, the top three most incorrectly mapped populations in TCRA datasets are three East Asian populations (CDX, KHV, and CHS), which were among the least incorrectly mapped populations in other chains (Fig. 7) .
Discussion
The advent of high-throughput sequencing technologies has enabled detailed studies of immune receptor repertoire diversity and changes in repertoire diversity over time, with many applications, including assessing the efficacy of leukemia treatment, understanding immune responses to disease, and determining the causes and consequences of changes in receptor diversity with age. Recently, a number of dedicated algorithms and bioinformatics tools have been developed to support such studies (11) (12) (13) (14) (15) (16) (17) (18) (19) ; however, in addition to accurate alignment algorithms, the results of bioinformatics pipelines for the analysis of receptor diversity depend on the accuracy and completeness of the reference database of immune receptors and their alleles.
The IMGT database is currently the most widely used global reference in TCR and Ig diversity analysis. However, multiple previous studies have shown that IMGT is incomplete (21) (22) (23) (24) (25) , and one study suggested that some reported IGHV alleles might contain sequencing errors (26) . This is mainly due to quality control issues arising from the inclusion of alleles from early studies and inadequate updating since the first release of the IMGT database. In this study, we provide evidence that alignment results obtained using IMGT as the reference source for TRBV, IGH, and IGL datasets derived from African populations are likely to be worse than those obtained for non-African populations, suggesting that IMGT does not adequately capture the global diversity of human immune receptors and that certain global populations are particularly underrepresented. This supports the value of incorporating immune alleles inferred from population sequencing studies that were specifically designed to profile the genetic diversity of global human populations.
To create a more comprehensive TCR/Ig reference database, we developed a novel bioinformatics pipeline that can be used to infer alleles from variant calling information, obtained from population sequencing projects. We applied this pipeline to data from G1K to create the Lym1K database and have made both Lym1K as well as the bioinformatics pipeline used to create it freely available (see "Software resource" above). Using real TCRB, IGH, and IGL datasets, we have shown that the incorporation of alleles inferred from population sequencing studies leads to improvements in alignment performance. These improvements are substantial in the case of Ig and result from novel alleles that provide a better match to the receptor repertoire of the input dataset than can be obtained using the alleles in the existing reference database.
There were in total 22 genes missing either from the current genome build (GRCh38) or GRCh37, and the depth of sequencing was unsatisfactory on several TRBV genes from G1K (Supplemental Fig. 3 ). This represents a limit to the comprehensiveness of receptor alleles inferred from the currently available population sequencing data; however, further improvements in the human reference genome and future population sequencing studies will enable alleles of these genes to be discovered.
Our study suggests that the diversity of Ig genes may not be profiled completely with existing sample numbers (Supplemental Fig. 1 ). The availability of genomic variants from larger numbers of individuals sampled from global populations could lead to further improvements in the comprehensiveness of immune receptor alleles recovered from genomic data. Our bioinformatics pipeline is freely available and can be applied to recover additional immune alleles from further public or restricted access VCF files and updated genome builds, as they become available. Furthermore, we have designed our short read mapping package, LymAnalyzer (19) , so that Lym1K or any other collections of immune alleles produced using our pipeline or by other means can be substituted seamlessly as the reference allele database.
Two use cases are envisaged for the resources described in the present study (Fig. 8) . First, users can apply Lym1K directly as their TCR/Ig reference database for their analysis. Currently, G1K represents the largest public catalog of human genome variation. However, as new public as well as restricted-access population sequencing datasets become available, and with further improvements in the human genome assembly, users may want to replace or extend the reference dataset with their own database of reference alleles inferred from genomic variant data. Such users can apply AlleleMiner to their own VCF files to generate a customized TCR/Ig reference database, which can then be selected as the reference database for LymAnalyzer. Indeed, depending on the specific data access restrictions that apply, such users may be able to contribute alleles discovered by applying AlleleMiner to restricted-access data into public repositories (such as IMGT), without violating data protection rules.
